T he most problematic issue in autoimmunity is a detailed understanding of etiologic events that result in immunopathology. At present, etiology is conceived only in general terms of genetic and environmental factors that predispose to a breakdown in tolerance characterized by autoimmune responses of great specificity. Primary biliary cirrhosis (PBC) 3 illustrates this enigma because of its high degree of concordance in identical twins, clinical uniformity, and the presence of a highly directed, specific serologic marker consisting of antimitochondrial Abs (AMA) directed at the E2 subunits of the 2-oxo-acid dehydrogenase complexes (2-OADC-E2) (1, 2) . This signature of PBC, the AMA, is a useful probe to enable dissection of potential environmental triggers and has led to the proposition that the inciting event of PBC is a modification of the major autoantigen, the E2 subunit of pyruvate dehydrogenase (PDC-E2), by a xenobiotic via chemical conjugation. This theory is based on our demonstration that, when the lipoyl domain of PDC-E2 was modified with specific small molecule mimics, the ensuing structures displayed highly specific reactivity to PBC sera, at levels often higher than the native molecule (3, 4) . Interestingly, the autoimmune response in terms of not only the CD4 ϩ and CD8 ϩ epitopes but also the autoantibodies in PBC all map within the lipoyl domain of the 2-OADC-E2 enzymes (5) (6) (7) . We hypothesized that the restricted epitope recognition of the highly conserved lipoyl domain in PBC is initiated by the modification of the lipoid molecule by a chemical xenobiotic mimic. This structurally altered native protein is recognized as foreign by the immune system and primes the immune system to subsequently recognize self-proteins and induces loss of tolerance.
To identify lipoyl molecular mimics that are recognized by AMA, a 12-residue synthetic peptide (173-184 of the inner lipoyl domain of PDC-E2) was coupled with a series of related synthetic lipoic acid mimics. Screening of these compounds for reactivity with AMA-positive PBC sera led to the identification of a number of organic chemicals that were recognized by AMA with higher relative affinity than that for parent lipoylated-PDC-E2 (3, 4, 8) . Furthermore, immunization of rabbits with one of these xenobiotics, 6-bromohexanoate, conjugated to BSA (6BH-BSA) led to the induction of AMA with the same antigenic specificities and capacity to inhibit the activity of PDC enzymes that is displayed by sera from patients with PBC (9) . These data suggest that the immune process in PBC can be triggered by exposure to PDC-E2 that had been modified by xenobiotics. However, the autoimmune response of xenobiotic-immunized rabbits was limited to the generation of AMA without any recognizable PBC-like liver pathology. We concluded that additional factors beyond generation of AMA were required for inducing a true PBC-like disease. We hypothesized that a particular biliary architecture and physiology may contribute to the pathologic process and therefore chose to study guinea pigs that are similar to humans for these characteristics (10) . We report in this study the successful induction of AMA and autoimmune cholangitis and suggest that these data will provide a conceptual framework that will illuminate not only the etiology of PBC but also other autoimmune diseases.
Materials and Methods

Choice of xenobiotics
Our laboratory has previously examined whether the xenobiotic with or without the PDC-E2 peptide backbone, could induce autoimmunity in experimental animals. A pyramid scheme consisting of immunizing rabbits with a progressively decreasing number of mixtures of the reactive xenobiotic was used to identify the optimal structure that would lead to breaking of immune tolerance to the native OADC mitochondrial proteins in vivo. This work led to the identification of a BSA conjugate of 6BH (6BH-BSA) as producing a xenobiotic agent capable of inducing of AMA (9) . The chemical structure of 6BH and its hypothetical alignment with the DKA amino acid residues of the PDC-E2 lipoyl domain is shown in Fig. 1 .
Immunization of guinea pigs
Female guinea pigs (n ϭ 10) at 20 wk of age were s.c. immunized with 30 g of 6BH-BSA incorporated in CFA, and then boosted every 2 wk with 6BH-BSA incorporated in IFA throughout. Guinea pigs (n ϭ 10) similarly immunized and boosted with BSA were included as controls. Sera were collected beginning 4 wk after the initial immunization and every 4 wk thereafter for analysis of AMA reactivity by ELISA against recombinant proteins of PDC-E2, the E2 subunits of branched chain 2-oxo-acid dehydrogenase complex (BCOADC-E2), the E2 subunits of 2-oxo-glutarate dehydrogenase complex (OGDC-E2), and shrimp tropomyosin as a negative control recombinant protein. Beginning 9 mo postimmunization, IL-1␤ fragment (Sigma-Aldrich) (10 g/animal) was i.p. administered to animals every 2 wk for 12 mo. Two animals were sacrificed at 12 mo postimmunization. Beginning at 18 mo postimmunization, two animals were sacrificed every 2 mo. At 24 mo postimmunization, all animals were sacrificed. Blood samples and tissues were collected immediately after animals were sacrificed. Animal protocols were approved by the Institutional Review Board at the University of California at Davis.
Detection of AMA
AMA reactivity against recombinant proteins of PDC-E2, BCOADC-E2, and OGDC-E2 was analyzed by ELISA as described (11) . Sera from AMA-positive (n ϭ 5) and AMA-negative PBC patients (n ϭ 5) were included throughout as controls (11, 12) .
Cloning and expression of the guinea pig PDC-E2 lipoyl domain
Guinea pig cDNA encoding the outer and inner PDC-E2 lipoyl domains was cloned and expressed in plasmid pRSET. Briefly, the guinea pig PDC-E2 was amplified from guinea pig liver cDNA by PCR. Because no guinea pig PDC-E2 nucleotide sequence was available from GenBank, the forward PCR primer (5Ј-TACAATGCAGGCAGGCACC-3Ј) and reverse PCR primer (5Ј-TCCTGCTGGACCAAAGGGAAGGGTG-3Ј) were designed by aligning human, mouse, rat, and pig PDC-E2 sequences. Nucleotide sequencing of PCR products were determined by dye-terminator reactions on an ABI 3730 capillary sequencer (Applied Biosystems). A cDNA sequence that corresponds to the guinea pig PDC-E2 lipoyl domain was subcloned into the EcoRI site of a pRSET expression vector. Plasmid DNA containing the correctly oriented guinea pig PDC-E2 in pRSET was transformed into Escherichia coli BL21 (DE3) pLysS competent cells. A single colony of the transformant was chosen, grown in LB broth containing ampicillin (50 g/ml) overnight at 37°C, and induced with isopropyl-␤-D-thiogalactopyranoside at a final concentration of 1 mM. Guinea pig rPDC-E2 protein was purified using Ni column (Invitrogen Life Technologies).
Immunoreactivity against guinea pig PDC-E2 lipoyl domain
Twenty micrograms of guinea pig rPDC-E2 was resolved by preparative SDS-PAGE, transferred onto nitrocellulose membrane, which were cut into 3-mm strips, blocked with 3% nonfat dry milk in PBS (pH 7.4), and probed with sera from 6BH-BSA-and BSA-immunized guinea pigs (1/250 dilution) for 1 h. After three 5-min washes with PBS containing 0.05% Tween 20 (PBST), the membranes were incubated with HRP-conjugated antiguinea pig IgG, washed with PBST, and developed by chemiluminescence. Anti-lipoic acid Ab and PBC sera were used throughout as controls. A recombinant protein prepared in the same vector and expressing the shrimp tropomyosin was analyzed in parallel as a negative control (13) .
Ag specificity of 6BH-BSA-immunized guinea pig sera
Sera from 6BH-BSA-immunized guinea pigs (1/200 dilution) were separately absorbed overnight with 100 g/ml BSA, 6BH-BSA, rPDC-E2, rBCOADC-E2, chloroacetate-conjugated BSA (CLA-BSA) as an irrelevant xenobiotic control, and shrimp tropomyosin as an irrelevant protein control. Absorbed sera were then analyzed for reactivities against the above panel of Ags by ELISA. Percent reactivity was calculated as follows: 1 Ϫ (OD of absorbed sera/OD of unabsorbed sera) ϫ 100.
PDC and citrate synthase enzyme activity inhibition assay
A predetermined optimal dilution of sera at 8 mo postimmunization was incubated with PDC (Sigma-Aldrich) for 10 min at room temperature and added to a PDC reaction mixture containing 5 mM sodium pyruvate, 2.5 mM NAD ϩ , 0.2 mM thiamine pyrophosphate, 0.1 mM coenzyme A, 0.3 mM DTT, 1 mM magnesium chloride, and 50 mM potassium phosphate buffer (pH 8.0). The change in absorbance per minute at 340 nm was monitored for 5 min. Enzyme activity of sera obtained before immunization was determined in parallel, and the values were defined as 100% activity. An irrelevant enzyme, citrate synthase, was analyzed in parallel as control. The reaction mixture contained 0.2 mM acetyl-CoA, 0.5 mM oxaloacetate (Sigma-Aldrich), and 0.1 mM 5,5Ј-dithiobis-(2-nitrobenzoate) in 100 mM Tris-HCl (pH 7.5) (14). The reaction was followed spectrophotometrically at 412 nm over 3 min. The inhibition of PDC and citrate synthase enzyme activity by sera from BSA-immunized guinea pigs and from PBC patients were analyzed in parallel.
Analysis of anti-lipoic acid reactivity
Sera from 6BH-BSA-immunized guinea pigs at 0, 6, 12, and 24 mo postimmunization were analyzed for anti-lipoic acid reactivity by a microarray assay as described (4, 15) . Briefly, lipoic acid-peptide-agarose were spotted onto glass slides (Mercedes Medical) using the Affymetrix 417 Microarrayer (Affymetrix). Each sample was spotted in triplicate. Microarrays were blocked with 3% nonfat dry milk in PBS buffer for 1 h at room temperature, and thereafter incubated with diluted Ab samples (guinea pig, 1/250; murine anti-PDC mAb, 1/1) in 1 ml of blocking buffer (3% nonfat dry milk in PBST) for 1 h at room temperature. After thorough washes with PBST, 1 ml of the Cy3-conjugated secondary Ab (1 g/ml) (Zymed Laboratories) in blocking buffer was added to each slide and incubated at room temperature for 30 min. Subsequently, slides were washed in PBST for 10 min and in water for 15 s. Abs to 6BH and an unrelated xenobiotic compound 11 ((2,2,2-trifluoroethoxy)acetic acid) were analyzed in parallel. Arrays were then dried and scanned using the Affymetrix 428 Array Scanner. Data analysis was performed using the ImageQuant software (Molecular Dynamics). Statistical analysis was performed using JMP software (SAS Institute). A paired Student's t test was performed to compare differences of the signal intensity between sera obtained before and after immunization. A value of p Ͻ 0.05 is considered significant. 
Liver histopathology
At 18 mo postimmunization and every 2 mo thereafter, liver tissues from guinea pigs immunized with 6BH-BSA or BSA were immediately fixed in 10% buffered formalin, embedded in paraffin, and cut into 5-m sections.
Liver sections were deparaffinized, stained with H&E, and examined under light microscopy. Control tissues (salivary gland, thyroid, and parathyroid) were examined in parallel. To stain for T cells, deparaffinized liver sections from 6BH-BSA-and BSA-immunized guinea pigs were rehydrated, blocked with 3% normal horse serum in TBS at room temperature for 20 min, and then incubated for 1 h with a 1/100 dilution of mouse anti-guinea pig T cell (PAN) Ab (CT5 clone; Serotec). The slides were then washed in TBS for 5 min and thereafter incubated with biotinylated anti-mouse IgG for 30 min. After washing with TBS, the slides were incubated with Vectastain ABC (avidin/biotin complex) solution (Vector Laboratories) for 30 min, washed, and then developed with the alkaline phosphatase substrate for 20 min. The slides were washed in tap water for 5 min, mounted, and examined by light microscopy (Carl Zeiss MicroImaging).
Results
Serological response of guinea pigs following 6BH-BSA immunization
6BH-BSA-immunized guinea pigs produced Abs to PDC-E2, BCOADC-E2, and OGDC-E2 as early as 4 wk after the initial immunization, and 100% of animals were AMA positive by 12 wk (Fig. 2A) . AMAs are typically detected using on various cell lines using fluorescence but induced Abs may react with mitochondria of some species but not of the source animal. To investigate whether 6BH-BSA-immunized guinea pigs produced autoreactive AMA, we first cloned and expressed the guinea pig PDC-E2 inner lipoyl domain in plasmid pRSET. Sera from 6BH-BSA-immunized guinea pigs react to guinea pig PDC-E2 (Fig. 2B) . Furthermore, sera from 6BH-BSA and BSA-immunized guinea pigs inhibited PDC enzyme activity at 20.5 Ϯ 1.55 and 5.0 Ϯ 4.28%, respectively ( p Ͻ 0.05). The effect of 6BH-BSA-and BSAimmunized guinea pig sera on an irrelevant enzyme citrate synthase activity was analyzed in parallel. Sera from 6BH-BSAand BSA-immunized guinea pigs failed to inhibit citrate enzyme activity giving values of 1.17 Ϯ 0.05 and 2.74 Ϯ 0.02%, respectively ( p, nonsignificant), denoting the specificity of PDC enzyme inhibition.
To characterize the antigenic specificity of the Abs present in the sera of 6BH-BSA-immunized guinea pigs, aliquots of sera were preabsorbed with a panel of reagents, including BSA, 6BH-BSA, CLA-BSA, rPDC-E2, rBCOADC-E2, and tropomyosin, an irrelevant protein control. When sera from 6BH-BSA-immunized guinea pigs were absorbed with 6BH-BSA, reactivity to rPDC-E2 and rBCOADC-E2, was markedly decreased. Unrelated control Ags and an irrelevant xenobiotic CLA-BSA failed to absorb such reactivity (Table I) . Interestingly, when 6BH-BSA-immunized sera were absorbed with recombinant mitochondrial Ags, their reactivity to 6BH-BSA remained virtually unchanged. One hundred percent of 6BH-BSA-immunized guinea pigs, but not BSA-immunized control, produced anti-lipoic acid Abs beginning at 6 mo An irrelevant control Ag (shrimp tropomyosin) prepared in the same recombinant construct was not reactive with sera from 6BH-BSA-immunized guinea pigs (lane F) and was also nonreactive using sera from a patient with PBC (lane G) but was reactive with a known positive control, sera from a subject with known Abs to shrimp tropomyosin (lane H). postimmunization and remained seropositive to lipoic acid at 24 mo postimmunization (Fig. 3) .
6BH-BSA-immunized guinea pigs exhibited PBC-like liver lesions
Liver sections of 6H-BSA-and BSA-immunized guinea pigs did not show any significant PBC-like liver lesions until 18 mo postimmunization. After this age, 6BH-BSA-immunized guinea pigs demonstrated significant lymphoid cell infiltrates surrounding damaged bile ducts, which is characteristic of the liver histopathology seen in PBC (Fig. 4, A-D) . Mild to moderate infiltration of lymphoplasmacytes and vacuolated histiocytes was frequently observed in portal areas. In affected portal tracts, interlobular bile ducts were surrounded by variably swollen lymphoplasmacytes with a vacuolated cytoplasm and an irregular luminal border, or showed an eosinophilic shrunken appearance with pyknotic nuclei (Fig. 4 , B and C). These bile duct lesions are quite similar to chronic nonsuppurative destructive cholangitis (CNSDC) of PBC. Portal inflammation was distributed heterogeneously within the liver (Fig. 4A) . In some portal areas, interlobular bile ducts were not clearly observed (Fig. 4D) and confirmed by the analysis of serial sections reflecting bile duct loss. In contrast to the pathological changes of interlobular bile ducts, septal to large bile ducts did not show any significant pathological changes (Fig. 4E) . Mild piecemeal necrosis (interface hepatitis) was observed in the affected portal tracts. Spotty to focal necrosis, sinusoidal lymphoid infiltration, and Kupffer cell hyperplasia was scattered. Other specific findings such as perivenular zonal necrosis with fibrosis, steatosis of the hepatocytes, and cholestasis were not observed in these animals up to 24 mo postimmunization. In liver tissues from the control animals, portal inflammation was minimal and bile duct damage was not detectable. Moreover, parenchymal histopathological changes were not observed except for occasional spotty necrosis (Fig. 4F) . Control tissues from 6BH-BSA-immunized guinea pigs did not reveal lesions (Fig. 5) . Whereas immunohistochemical analysis of liver sections using anti-guinea pig T cell (PAN) Ab demonstrated T cell infiltrates in portal areas of 6BH-BSA-immunized guinea pigs, only rare T cells were seen in controls (Fig. 6 ).
Discussion
In this study, we demonstrate that guinea pigs immunized with 6BH-BSA serve as a model that possesses many of the clinical parameters that are characteristic of PBC. 6BH-BSA-immunized guinea pigs, which are normally tolerant to their own 2-OADC, develop autoantibodies against PDC-E2, BCOADC-E2, and OGDC-E2. The serological AMA profile is similar to that of human PBC, with PDC-E2 as the immunodominant Ag (2). Of particular interest, 6BH-BSA-immunized guinea pigs react to self-PDC-E2, which clearly demonstrates that self-tolerance was broken by immunization with a xenobiotic coupled to a protein that lacks the PDC-E2 peptide backbone. Similar to human PBC (16, 17) , guinea pig anti-PDC-E2 recognizes the PDC-E2 lipoyl domain (Fig. 2) . Furthermore, the selective absorption of anti-PDC-E2 reactivity by PDC-E2 or BCOADC-E2 and of anti-BCOADC-E2 reactivity by PDC-E2 or BCOADC-E2 implies that there is an important hierarchy in the cross-reactivity of the immune response reminiscent of the concept of determinant spreading. The difference in the degree of absorption of BSA reactivity by 6BH-BSA and CLA-BSA in our data is most likely due to differences of structural changes in BSA upon modification by each of these compounds. Thus, the induction of AMA reactivity in 6BH-BSA-immunized guinea pigs is primarily influenced by the hapten. Interestingly, 6BH-BSA-immunized guinea pigs also developed anti-lipoic acid Abs, as observed in PBC patients (Fig. 3) . Although the difference in inhibition of PDC enzyme function by 6BH-BSA-immunized guinea pig sera is considerably lower than that reported in human PBC sera (17), it does not underscore the specific inhibition of PDC enzyme function by 6BH-BSA-immunized guinea pig sera. The difference in PDC enzyme function inhibition between the 6BH-immunized guinea pig and human PBC sera is likely accountable by the differences in the epitopes and affinities of the guinea pig AMA and the human AMA to the PDC functional sites. It should also be noted that sera from 6BH-BSA-immunized guinea pigs specifically inhibited the enzyme activity of PDC but not the activity of an irrelevant control enzyme citrate synthase. Although the precise physiological effect and mechanisms of AMA in the in vivo function of pyruvate dehydrogenase is unclear, it has been postulated that AMA can induce apoptosis of bile duct epithelial cells (BEC) through caspase activation (18) . Interestingly, unlike other cell types in which autoantibody recognition of PDC-E2 was abrogated after apoptosis, the antigenicity of PDC-E2 persisted in apoptotic BEC (19) . IL-1 increases the efficacy of Ag processing and presentation (20) . Previous work has demonstrated that, in mice, coinjection of IL-1 with Coxsackie virus induced a more rigorous local inflammation and autoimmune myocarditis than virus alone (21) . Thus, we envisioned that the IL-1␤ would enhance focal liver lesions in 6BH-BSA-immunized guinea pigs.
In early-stage PBC, the liver histopathology is characterized by infiltration of lymphocyte and eosinophils as well as destruction of interlobular bile ducts in the involved portal tracts. The distribution of the affected portal areas is patchy at this stage and located heterogeneously. Interlobular bile duct damage called CNSDC and bile duct loss are also observed. In late-stage PBC, the liver pathology is characterized by progressive bile duct damage, chronic cholestasis, extending fibrosis, and eventually cirrhosis of the liver. In this study, hepatic lesions such as lymphoplasmacytic inflammation, interlobular bile duct damages resembling to CNSDC, and occasional bile duct loss were seen in portal areas of 6BH-BSAimmunized guinea pigs (Fig. 4) . The lesions were specific to small bile ducts because the large bile ducts and control tissues from 6BH-BSA-immunized guinea pigs were not affected (Figs. 4  and 5) .
We hypothesize that PBC may be induced by a chemical xenobiotic, which has the potential to form complexes with, or otherwise alter, self-proteins such that they become immunogenic (22) . The loss of tolerance would involve the spreading of the immune responses from the modified protein to the unmodified native protein (23) . The chronic presence of the self-protein would then serve to perpetuate the immune response initiated by the xenobiotically modified self-protein and lead to autoimmunity. In support of this hypothesis, patients exposed to halothane, whose trifluoroacetyl metabolite covalently links to lysine on cytochrome p450 2E1, develop anti-trifluoroacetyl Abs that are also cross-reactive to lipoylated PDC-E2 (24) . In addition, we have identified a number of lipoic acid mimeotopes that are recognized by AMA-positive PBC sera (3, 4, 8) . Furthermore, we have previously demonstrated that rabbits immunized with a xenobiotic-hapten, 6BH-BSA, produced self-AMA that had all the characteristics of human AMA in that they recognized PDC-E2, BCOADC-E2, and OGDC-E2 and inhibited PDC enzyme activity (9). Similarly, s.c. immunization of SJL/J mice with biotinylated murine PDC produced Ab and T cell reactivities to unmodified and modified murine PDC (25) . Although mild inflammation in the portal tract was seen in immunized SJL/J mice, both the rabbit and the SJL mice model fall short of any evidence of the bile duct injury, cholestasis, or fibrosis that are characteristic of PBC livers (9) . Therefore, it is likely that other factors such as architecture of the biliary system, inflammatory signals, and detoxification pathways are important in the development of PBC. It is important to note that IL-1␤ was administered to the guinea pigs every 2 wk beginning at 9 mo postimmunization.
Immunization of guinea pigs with 6BH-BSA was not only able to reproduce the AMA response already seen in 6BH-BSA-immunized rabbits, but was also associated with histological evidence of T cell-mediated biliary damage (Fig. 5) .
Although previous studies have focused on unmodified peptides of the major autoantigens as targets of autoimmune CD4 ϩ and CD8 ϩ T cell responses in human PBC, our current data imply that xenobiotics, in particular lipoate mimics, serve a key role in the breakdown of self-tolerance to mitochondrial Ags in human PBC. Although the role of AMA in the immunopathology of PBC, or biliary destruction, is still not clear, the specificity of pathological changes localized to the bile ducts, the presence of lymphoid infiltration in the portal tracts, and the readily detectable expression of MHC Ags on the biliary epithelium suggest that autoantigenspecific T cell responses are directed against the BEC. T cells are known to recognize not only peptides but also haptens covalently attached to MHC class I-or class II-restricted peptides (26) . Typical examples of protein-modifying haptens are chemicals such as trinitrochlorobenzene or trinitrobenzene sulfonic acid (27) , drugs like penicillin (28) , metal ions (29) , or natural compounds like urushiol in poison ivy (30) . Such reagents have raised particular attention as potent inducers of immune responses (31) . Studies in several model systems have suggested that haptens can serve as part of the antigenic structure recognized by TCRs (32) . Of particular interest, it has been shown in a mouse model that haptenspecific CTLs exhibit recognition specificities for not only the hapten but also the carrier peptides. In almost every case, this peptide reactivity was strong enough to also allow for lysis of target cells pulsed with homologous, unmodified peptides (33, 34) . Based on these observations, it has been proposed that hapten modification can lead to the triggering of T cells that, once activated, would react to the unmodified carrier peptides, resulting in autoimmune T cell responses (32) .
PBC is characterized by T cell-mediated destruction of BEC, and portal tract inflammatory responses are central pathological events in PBC. CD4 ϩ and CD8 ϩ T cells reactive with PDC are present in the peripheral blood and liver of PBC (5, 7) . Although data on PDC-specific autoreactive guinea pig T cells are not available, the close proximity of T cells to the damaged bile ducts suggests the possible involvement of self-PDC-specific T cells in these hepatic lesions. In 6BH-BSA-immunized guinea pigs, the presence of liver-specific histological lesions, the presence of lymphoid cell infiltrations surrounding damaged portal tracts together with mitochondrial autoantigen-specific AMA, implicates the involvement of cell-mediated immune responses in the liver. Future studies using reagents that demonstrate specificity for guinea pig CD4 ϩ and CD8 ϩ T cells will be designed to address the important role of T cell-mediated immune responses in this model (35, 36) . However, we need to emphasize several limitations in the study of T cell responses and guinea pigs. First, these are outbred guinea pigs, making adoptive cell transfer experiments impossible. Second, there are considerably less reagents available in guinea pigs than in either humans or mice. This is best exemplified by the relative lack of CD4 ϩ -and CD8 ϩ -specific guinea pig reagents and their inability for utility in immunohistochemistry (37, 38) . These deficiencies, notwithstanding, should not diminish the induction of biliary pathology in guinea pigs. There are very few examples of human autoimmune diseases associated with putative environmental inducers. Hence, our future directions must include the development of appropriate reagents to study the contribution of CD4 ϩ and CD8 ϩ T cell responses and the specific recognition of 6BH and PDC-E2 and their relative cross-reactivity. We also believe that future studies must also identify the mechanisms required for the long latency time between exposure and histologic changes.
Previous attempts in generating an animal model of PBC have revealed that immunization by mitochondrial Ag alone or modified form of PDC is insufficient to generate both AMA production and PBC-like liver lesions (25, 39 -44) . The breaking of tolerance to mitochondrial autoantigens can be accomplished by immunization of xenobiotic small molecules that are not of mitochondrial origin (9) . Although it appears that AMA can be induced by either self or foreign 2-OADC as well as xenobiotic agents, the successful generation of PBC liver pathology may require a combination of physiological, genetic, and environmental factors. The successful generation of AMA and PBC-like liver histopathology in 6BH-BSA-immunized guinea pigs is a powerful tool to investigate the mechanisms involved in the inductive phase of PBC. It suggests that the study of other organ-specific autoimmune diseases may be advanced by the search for potential xenobiotic adducts on self-proteins.
